1. Introduction {#sec0005}
===============

Amiodarone is a cationic antiarrhythmic drug extensively used for the control of supraventricular and ventricular arrhythmias. Its action mechanism includes blockade of K- and Na channels and interference with β-adrenoreceptors and Ca currents [@bib0005], [@bib0010]. Amiodarone has a large volume of distribution (66 l/kg), steady state serum levels between 0.7 and 3.7 μM, an elimination half-life of several weeks and a propension to accumulate in different tissues, like adipose tissue, skeletal muscle and the liver, but not in the brain [@bib0015], [@bib0020], [@bib0025]. Recent evidence suggests that accumulation in tissues might happen by at least two mechanisms, that is the association with cell membranes, due to the high lypophilicity of amiodarone, and trapping in the lumen of acidic organelles after protonation of the amine function present in the lateral group diethylamino-β-ethoxy [@bib0030], [@bib0035]. Amiodarone catabolism includes stepwise dealkylation and deamination of the lateral group diethylamino-ethoxy, major metabolite being N-desethylamiodarone (MDEA) whose activity and serum levels are similar to those of the parent drug [@bib0040]. Chronic exposure to amiodarone induces the formation of vacuoles and inclusion bodies in blood leukocytes, cells of the corneal epithelium, skin cells, alveolar macrophages, liver cells and cardiomyocytes [@bib0035]. Although there is agreement that these structures derive from interference of amiodarone with the endocytic pathway, there is uncertainty about the set of endocytic organelles involved, the mechanism of formation of vacuoles and the origin of materials, both amorphous and membrane-like, accumulating in the lumen of inclusion bodies.

Regarding the section of the endocytic pathway involved, it has been claimed that amiodarone does not interfere with early compartments of the endocytic pathway, since the drug does not modify the distribution of the early endosomal marker EEA1 [@bib0030]. However this issue remains undecided, since some found no interference of amiodarone with the activity of diphtheria toxin, whose active moiety enters the cytoplasm from early endosomes [@bib0045], while others found that amiodarone inhibits the toxin [@bib0050]. On the other side several lines of evidence suggest that amiodarone interferes with late compartments of the endocytic pathway. In fact, (i) vacuoles and inclusion bodies bear the markers of late endosomes/lysosomes, like Rab7 and CD63 [@bib0030], [@bib0035], (ii) patients treated with amiodarone accumulate in the airways lysobisphosphatidic acid (LBPA), also known as bis(monoacylglycero)phosphate [@bib0055], which is a component of late endosome lumenal membranes [@bib0060], (iii) amiodarone inhibits *in vitro* the activity of the anthrax toxin, whose subunits (edema factor and lethal factor) enter the cytoplasm from late endosomes/multivesicular bodies [@bib0050], [@bib0065]. Thus far it is unknown whether amiodarone interferes with recycling endosomes or with the pathway connecting directly early endosomes with the Golgi. Nor is it known if amiodarone interferes with the ESCRT complex, a highly conserved set of proteins associated with a specialized portion of the early endosomes, necessary for the formation of lumenal vesicles and the eventual maturation of this compartment into multivesicular bodies [@bib0070]. The ESCRT system is also involved in membrane deformations topologically equivalent to endovesiculation, like cytokinesis and the budding of membrane bound viruses [@bib0070]. Interestingly mutations of the ESCRT system lead to phenotypes characterized by the presence of vacuoles and inclusion bodies bearing markers of both early and late endosomes [@bib0070].

The observation that patients treated with amiodarone accumulate LBPA, which is only detected in late endosomes and is intimately connected with unesterified cholesterol [@bib0060], [@bib0075], suggests that the drug might alter the distribution of other lipids too, as found in Niemann-Pick type C disease, where mutations of NPC1 or NPC2 proteins cause the accumulation of free cholesterol, glycosphyngolipids, sphingosine, LBPA and sphingomyelin in late endosomes/lysosomes [@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100]. Interestingly in Niemann-Pick type C cells accumulating lipids not only are a manifestation of disturbed traffic, but also play a pathogenetic role, since alleviation of the phenotype can be obtained by decreasing cholesterol levels [@bib0105], by inhibiting glycosphingolipid synthesis [@bib0110] or by increasing lipid degradation [@bib0115]. Very recently it has been shown that Niemann-Pick type C cells try to combat cholesterol accumulation by increasing the secretion of exosomes[@bib0120], which are vesicles located in the lumen of late endosomes/multivesicular bodies destined to be secreted rather than to be destroyed [@bib0125]. We speculated that, as it happens in Niemann-Pick type C disease, increased LBPA levels observed in patients treated with amiodarone might point to a more complex disturbance in the homeostasis of cell lipids.

In order to clarify some of these issues, we examined the effects of amiodarone on different endosomal activities. These included transferrin recycling, ESCRT functionality (by evaluation of lentiviruses budding) and the pathway connecting early endosomes with the Golgi complex probed with Shiga toxin 1, which after processing within early endosomes, moves to the Golgi through vesicular intermediates [@bib0130]. Furthermore we analyzed the effect of amiodarone on the secretion of exosomes and on the distribution of lipids trafficking through late endosomes/lysosomes, like LBPA, cholesterol, sphingomyelin and glycosphyngolipids. Besides this, since vacuoles may reflect a disorder in fluid phase endocytosis, we studied the effect of amiodarone on the traffic of a non-degradable sugar. Finally we correlated the physico-chemical properties of amiodarone analogues with effects on the distribution of LBPA and on the ability to degrade imported proteins. In particular the analogues studied included dronedarone, an amiodarone derivative recently introduced in clinical practice [@bib0135].

We found that amiodarone, at concentrations close to patient serum levels, interferes with late compartments of the endocytic pathway blocking the progression of fluid phase endocytosis and causing the inappropriate fusion of organelles, the collapse of lumenal structures, the accumulation of undegraded substrates and the amassing of lipids. These changes recall the Niemann-Pick type C (NPC) phenotype, but originate through a different mechanism, since they are not alleviated by cholesterol removal, while cells treated with NPC-phenotype inducer U18666A revert to the normal after reduction of the cholesterol load. Studies with analogues indicate that high water-solubility at acidic pH is a crucial requirement for the interference with late endosomes/lysosomes and that, in this respect, dronedarone is at least as potent as amiodarone.

2. Materials and methods {#sec0010}
========================

2.1. Cells {#sec0015}
----------

BHK and Vero cells, obtained from the European Collection of Cell Cultures (ECACC) and human fibroblasts obtained from normal skin biopsies, were grown in Dulbecco\'s Modified Eagle\'s medium (DMEM) supplemented with 10% fetal calf serum, 50 U/ml penicillin, 50 μg/ml streptomycin (all from Sigma--Aldrich, Saint Louis, MO). K562 cells, obtained from ECACC, were grown in RPMI medium, 10% fetal calf serum, 50 μg/ml streptomycin, 50 U/ml penicillin(all from Sigma--Aldrich). Rabbit alveolar macrophages obtained by bronchoalveolar lavage and circulating monocytes obtained from healthy blood donors were cultured in Ringer buffer (145 mM NaCl, 5 mM KCl, 1 mM MgCl~2~, 2 mM Na~2~HPO~4~, 10 mM glucose, 10 mM HEPES, pH 7.4) plus 0.1% bovine serum albumin (Sigma--Aldrich) as previously reported [@bib0140]. Human embryonic kidney cells stably transduced to express the simian virus 40 T antigen (293T), were kindly provided by Prof. D. Baltimore (Rockefeller University, New York, NY, USA). Cell viability was tested with trypan blue exclusion or with an assay based on the reduction of a tetrazolium salt (Cell Proliferation Kit 1\[MTT\], Roche Diagnostics, Mannheim, Germany). Data presented are from cells \>95% viable with respect to control cells.

2.2. Plasmids {#sec0020}
-------------

pEGFP-LC3, source Dr Taamotsu Yoshimori, was from Addgene (Cambridge, MA). eEGF-Rab7 was a kind gift from Dr Robert Lodge(Laval University, Quebec City, Canada). eGFP-Rab5 was from Addgene. pΔenv1 plasmid contains Gag/Pol and Rev encoding sequences of the feline immunodeficiency virus (FIV), p34TF10 strain (GenBank accession no. [NC_001482](ncbi-n:NC_001482)) [@bib0145]. pSVC21 construct contains a complete HIV-1 provirus, molecular clone HXBc2 [@bib0150]. Transfections were done using Attractene Transfection Reagent from Qiagen (Milan, Italy) according to a protocol provided by the supplier or the calcium phosphate procedure.

2.3. Antibodies {#sec0025}
---------------

Mouse antibody anti LBPA (6C4) was from Echelon Biosciences (Logan, UT). Mouse anti α-tubulin was from Sigma--Aldrich. Rabbit anti NPC1 from Novus Biologicals (Littleton, CO). Rabbit anti giantin, and anti EEA1 were from Abcam (Cambridge, UK). Mouse anti LAMP-1 was from Developmental Studies Hybridoma Bank (University of Iowa, IA). Secondary antibodies conjugated with Alexa Fluor 488 or FITC were from Molecular Probes (Eugene, OR) or from Santa Cruz Biotechnology (Santa Cruz, CA).

2.4. Amiodarone analogues {#sec0030}
-------------------------

Amiodarone was from Sigma--Aldrich. Dronedarone was extracted from Multaq commercial pills (Sanofi-Aventis, Munchenstein, Switzerland). Briefly one Multitaq tablet was dissolved in 25 ml of 1 M NH~3~ and extracted 3 times with 10 ml of methylene chloride. The organic phase was collected, dried under reduced pressure, dissolved in DMSO and stored at −26 °C. Other analogues used in this study, whose synthesis has been reported previously [@bib0155], are presented in [Table 1](#tbl0005){ref-type="table"} . They included MeAM (2-butyl-benzofuran-3-yl)-4-\[2-(dimethylamino-ethoxy)-3,5-diiodophenyl\]methanone, DIPAM (2-butyl-benzofuran-3-yl)-4-\[2-(diisopropylamino)ethoxy\]-3,5-diiodophenyl-methanone·hydrochloride, PYRAM \[4-(2-butyl-benzofuran-3-yl)-\[3,5-diiodophenyl-4-(2-pyrrolidin-1-yl-ethoxy)phenyl\]-methanone·hydrochloride\], PIPAM \[4-(2-butyl-benzofuran-3-yl)-\[3,5-diiodophenyl-4-(2-piperidinoethoxy)phenyl\] methanone·hydrochloride\], MOPAM \[2-n-butyl-3-(3,5-diiodo-4-β-Nmorpholinoethoxybenzoyl)benzofuran\]. MDEA·hydrochloride \[2-n-butyl-3-(3,5-diiodo-4-ethylaminoethoxybenzoyl)-benzofuran\] was a gift from Sanofi-Aventis (Muchenstein, Switzerland).Table 1Physicochemical properties of amiodarone and analogues ![](fx2.gif).CompoundMW*N*R~1~R~2~R~3~R~4~R~5~pKa[a](#tblfn0005){ref-type="table-fn"}Aqueous solubility of hydrochloride saltAt pH 5.0 (μM)At pH 7.4 (μM)AMI645.32C~2~H~5~C~2~H~5~HII8.472.04[b](#tblfn0010){ref-type="table-fn"}0.016[b](#tblfn0010){ref-type="table-fn"}MDEA617.32HC~2~H~5~HII9.4012.0[b](#tblfn0010){ref-type="table-fn"}0.11[b](#tblfn0010){ref-type="table-fn"}DIPAM673.42CH(CH~3~)~2~CH(CH~3~)~2~HII9.040.23[b](#tblfn0010){ref-type="table-fn"}0.014[b](#tblfn0010){ref-type="table-fn"}MeAMI617.32CH~3~CH~3~HII7.922.21[b](#tblfn0010){ref-type="table-fn"}0.051[b](#tblfn0010){ref-type="table-fn"}MOPAM659.32![](fx3.gif)HII3.290.17[b](#tblfn0010){ref-type="table-fn"}0.015[b](#tblfn0010){ref-type="table-fn"}PIPAM657.32![](fx4.gif)HII5.352.22[b](#tblfn0010){ref-type="table-fn"}0.023[b](#tblfn0010){ref-type="table-fn"}PYRAM643.32![](fx5.gif)HII4.961.86[b](#tblfn0010){ref-type="table-fn"}0.049[b](#tblfn0010){ref-type="table-fn"}DRO556.73(CH~2~)~3~CH~3~(CH~2~)~3~CH~3~NHSO~2~CH~3~HH9.79900\<0.001[c](#tblfn0015){ref-type="table-fn"}[^2][^3][^4]

2.5. Other materials and reagents {#sec0035}
---------------------------------

Shiga toxin 1was a generous gift from Dr. Maurizio Brigotti (Department of Experimental Pathology, University of Bologna, Italy). Surfactant protein A (SP-A) was isolated from the therapeutic lung lavage fluid of patients suffering from alveolar proteinosis and labelled with ^125^I to a specific activity of 400--600 cpm/ng protein, as previously reported [@bib0045].

8-Hydroxypyrene-1,3,6-trisulfonic acid (HPTS) and tetramethylrhodamine dextran (10 kDa MW) were from Molecular Probes (Eugene, OR). P-xylene-bis-pyridiniumbromide (DPX) was from Chemie Brunschwig (Basel, Switzerland). DRAQ5™ was from Biostatus Limited (Shepshed, UK). \[^3^H\]leucine (specific activity 151.0 Ci/mmol) was from Amersham Pharmacia Biotech (little Chalfont, UK). Hyonic Fluor was from Packard (Groningen, The Netherlands). Benzonase was from Novagen (San Diego, CA). Complete protease inhibitor cocktail was from Roche Diagnostics (Mannheim, Germany). Creatine phosphokinase was from Boehringer (Mannheim, Germany). Lysenin and lysenin antiserum were from Peptide Institute (Osaka, Japan). All other reagents were from Sigma--Aldrich.

2.6. Immunofluorescence {#sec0040}
-----------------------

Cells adhering to glass coverslips (Falcon, Milan, Italy), after incubation for 1--18 h with different drugs, were fixed with 3% paraformaldehyde (PFA) in PBS for 20 min, quenched with 50 mM NH~4~Cl for 15 min, permeabilized with 50 μg digitonin/ml PBS for 5 min, blocked with 0.2% gelatin in PBS for 30 min, incubated with primary antibody for 1 h and then with the appropriate secondary antibody for 30 min. Stained cells were mounted in Vectashield (Vector Laboratories, Burlingame, CA) and analyzed with a Leica TCS SP2 laser-scanning confocal microscope. Dilutions of primary antibodies were: anti LBPA 1/10, anti LAMP-1 1/50, anti giantin 1/50, anti NPC1 1/50. Pictures presented are from at least duplicate experiments.

2.7. Morphometry {#sec0045}
----------------

After staining for LBPA, cells were counterstained with propidium iodide and, from randomly selected cell profiles, LBPA-positive structures were counted and their diameter was measured. Counting and diameter measurement were done in a blind fashion by two independent observers on images obtained with the confocal resident software. Data presented are from 50 to 150 cells profiles and 250 to 800 LBPA-positive structures for each treatment.

2.8. Free cholesterol visualization with filipin {#sec0050}
------------------------------------------------

Cells were fixed with 3% PFA for 30 min, quenched with 50 mM NH~4~Cl for 7 min, incubated for 2 h with 250 μg filipin/ml 0.2% BSA in PBS, mounted with 10% glycerol/PBS and then analyzed with a Leica DMR epifluorescence microscope.

2.9. Staining of sphingomyelin {#sec0055}
------------------------------

Sphingomyelin was stained using lysenin, a 41 kDa pore-forming toxin from *Eisenia foetida* which binds sphingomyelin [@bib0160], [@bib0165]. Briefly, cells adhering to glass coverslips, were fixed, quenched and permeabilized as reported in Section [2.6](#sec0040){ref-type="sec"} and then were blocked with 0.2% gelatin/PBS for 30 min. Afterwards cells were incubated on ice for 1 h with 1 μg/ml lysenin in 0.2% gelatin/PBS, rinsed extensively with PBS at room temperature, incubated for 1 h with antibody anti-lysenin (1/1000) and anti LBPA (1/10) in 0.2% gelatin/PBS, exposed to the appropriate secondary antibodies for 30 min and then were mounted and analyzed by confocal microscopy.

2.10. BODIPY-lactosylceramide transport {#sec0060}
---------------------------------------

Trafficking of glycosphingolipids was analyzed using boron-dipyrromethenelactosylceramide (BODIPY-LacCer, Molecular Probes, Eugene, OR) as reported [@bib0170]. Briefly, after rinsing with DMEM, BHK cells were incubated at 37 °C for 45 min with 8 μM BODIPY-LacCer/albumin complex in 1% FBS/DMEM to allow internalization and trafficking to late endosomes. Subsequently, after extensive rinsing, cells were incubated at 37 °C for 1 more hour with 1% FBS/DMEM to allow accumulation of BODIPY-LacCer in the Golgi. Afterwards cells were back-exchanged 6 times with 5% fatty acid free albumin/DMEM at 10 °C and then were analyzed with a Leica DMR epifluorescence microscope or with a confocal microscope.

2.11. Dextran uptake {#sec0065}
--------------------

Adhering BHK cells were incubated for 12 h with tetramethylrhodamine dextran (3 mg/ml in DMEM/10%FBS/antibiotics) in the absence or in the presence of 10 μM amiodarone. Afterwards, after extensive rinsing, cells were chased with plain medium (controls) or 10 μM amiodarone for 5 h, a time sufficient, in control cells, for the transfer of uptaken dextran to the lysosomes [@bib0175]. At the end, after staining of the nuclei with 5 μM DRAQ5™, LBPA was evidenced as reported in "Immunofluorescence" and cells were analyzed by confocal microscopy.

2.12. Effect of amiodarone and analogues on the degradation of surfactant protein A (SP-A) {#sec0070}
------------------------------------------------------------------------------------------

SP-A, a component of lung surfactant, besides regulating surfactant turnover, binds viruses and bacteria present in the alveoli and presents them to alveolar macrophages that then destroy both infectious agent and SP-A into lysosomes [@bib0180]. To compare the effect of amiodarone and analogues on the degradation of SP-A, 2 × 10^6^ rabbit alveolar macrophages in 1 ml Ringer buffer, 1 mg/ml bovine serum albumin, 50 U/ml penicillin, 50 μg/ml streptomycin, were incubated for 1 h with 0--50 μM amiodarone or analogue and then for one more hour with 1 μg/ml ^125^I-SP-A in the continuous presence of amiodarone or amiodarone analogue. At the end the radioactivity soluble in 20% cold trichloroacetic acid was measured and results were expressed as percent of degradation by control cells. ID~50~ (concentration resulting in 50% inhibition) was calculated, using only data from cells over 95% viable by trypan blue exclusion.

2.13. Transferrin recycling {#sec0075}
---------------------------

Transferrin (Tf) recycling was measured as reported [@bib0185]. Adhering blood monocytes in RBA (2 × 10^6^  cells/well) were incubated for 1 h at 37 °C with 4 μg/ml ^125^I-Tf in the absence or in the presence of 10 μM amiodarone, to reach equilibrium labelling. Cells were then rinsed with ice-cold PBS and surface bound Tf was removed first by incubation for 15 min at 4 °C with 50 μM deferoxaminemesylate in 150 mM NaCl, 2 mM CaCl~2~, 20 mM Na acetate pH 5.0 and then by incubation for 20 min at 4 °C with 50 μM deferoxaminemesylate and 125 nM human apotransferrin in PBS. Subsequently cells were rinsed again with ice-cold PBS and triplicate cultures were incubated at 37 °C for 0, 5 or 10 min with prewarmed RBA containing 50 μg/ml unlabelled human Tf, and 0 or 10 μM amiodarone. At the end cells were rinsed with ice-cold PBS, lysed with 1 N NaOH and on the lysate radioactivity was measured using Hyonic Fluor (Packard) and proteins were measured with the Bradford method. Tf recycled was expressed as % of radioactivity lost from cells with respect to time 0.

2.14. Shiga toxin 1 cytotoxicity assay {#sec0080}
--------------------------------------

Vero cells in DMEM/10%FBS adhering to 24-well plates (Falcon, Milan, Italy) at a density of 10^5^  cells/well were incubated for 3 h with Shiga toxin 1 (0--50 ng/ml) in the presence of 0--20 μM amiodarone and then for 30 min with \[^3^H\]leucine in PBS (200 nCi/well). At the end cells were washed 1 time with 50% methanol, fixed for 30 min with cold 100% methanol and then washed 3 times with 10% cold trichloroacetic acid (TCA). The final precipitate was dissolved with 1 N NaOH and the lysate was used for protein assay and radioactivity counting. The activity of Shiga toxin 1 was expressed as the decrease in the incorporation of \[^3^H\]leucine into acid-precipitable material.

2.15. Amiodarone effect on lentiviral particle release {#sec0085}
------------------------------------------------------

293T cells (1.5 × 10^6^) were seeded into 25 cm^2^ flasks (Falcon, Milan, Italy) and, twenty-four hours later, were transfected by calcium phosphate method with 1.25 μg of the appropriate viral construct (pΔenv1 or pSVC21). The total amount of DNA was brought to a total of 8 μg by adding an empty vector (pBluescriptKSþ, Stratagene, La Jolla, CA). Two hours prior transfection the cells were treated with 0 or 10 μM amiodarone that was maintained till VLP harvesting. Twenty-four hours post-transfection the culture supernatants were collected and cells were lysed in radioimmunoprecipitation assay (RIPA) buffer \[140 mM NaCl, 8 mM Na~2~HPO~4~, 2 mM NaH~2~PO~4~, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.05% sodium dodecyl sulfate (SDS) pH 8.0\]. Culture supernatants were clarified by low speed centrifugation and passaged through 0.46 μm-pore-size filters. Released VLPs, brought to 4 °C, were deposited over a 20% sucrose cushion and centrifuged at 27,000 rpm for 2 h in a Beckman SW41 rotor. Pelleted VLPs were then lysed in RIPA buffer. In order to examine intracellular GAG expression levels and virus-like particles (VLP) release, cell and VLP lysated were subjected to SDS-polyacrylamide gel electrophoresis and resolved proteins were electroblotted onto Hybond-C-Extra membranes (Amersham Pharmacia Biotech, Milan, Italy). Membranes were then incubated with the appropriate antibody, namely a monoclonal anti-FIV capsid antiserum (anti FIV-p24 Gag, Serotec, Dusseldorf, Germany) or a rabbit anti CA-polyclonal antiserum (Advanced Biotechnologies, Columbia, Maryland, USA) followed by the appropriate peroxidase-conjugated secondary antibody. The blots were developed with enhanced chemiluminescence reagents (Amersham Pharmacia Biotech, Milan, Italy).

2.16. Exosome release {#sec0090}
---------------------

Exosome secretion was estimated by measuring acetylcholinesterase activity released by K562 cells, an erytroleukemia cell line of human origin [@bib0190]. Briefly, 20--25 × 10^6^ K562 cells were incubated for 8 h in 10 ml RPMI medium/10% FBS/antibiotics and 0, 2 or 10 μM amiodarone. At the end the medium was collected on ice, centrifuged at 800 ×  *g* for 10 min to sediment cells and then at 12,000 ×  *g* for 30 min to sediment debris. Exosomes were sedimented from the remaining supernatant by centrifugation at 100,000 × g for 2 h. The exosome pellet was washed with PBS and then suspended in 100 μL PBS, 0.1% Triton X 100. Fifty μL of that suspension were then incubated for 45 min at 37 °C with 1.25 mM acetylthiocholine, 0.1 mM 5,5′-dithiobis(2-nitrobenzoic acid), 120 mM NaCl, 5 mM KCl, 4 mM KH~2~PO~4~, 16 mM Na~2~HPO~4~, 0.5 mM CaCl~2~, 1.0 mM MgCl~2~, pH 7.4 (final volume 1 ml) and the change in absorbance was followed continuously. After correction for spontaneous degradation of substrate, enzymatic activity was normalized to the number of cells used and expressed as % of activity liberated by control cells. Viability at end incubation, analyzed by trypan blue exclusion, was \>97% both for control and amiodarone treated cells.

2.17. Statistical analysis {#sec0095}
--------------------------

Data are presented as means ± SE. Paired "*t*" test was used to analyze differences between means of paired samples. Single factor ANOVA was used to analyze differences between several groups, using the Newman--Keuls test for data normally distributed and the Dunn test for data not normally distributed. 0.05 was the level of significance accepted.

3. Results {#sec0100}
==========

3.1. Amiodarone and its main metabolite MDEA cause fusion of LBPA-rich organelles; the change is cytoskeleton-dependent and reversible {#sec0105}
--------------------------------------------------------------------------------------------------------------------------------------

Clinical experience indicates that patients treated with amiodarone display inclusion bodies filled with membranous structures in different cell types [@bib0035], [@bib0045], [@bib0140] and accumulate in the airways LBPA, a poorly degradable phospholipid present in the internal membranes of late endosomes [@bib0060], [@bib0075]. Since the effect of amiodarone on the distribution of LBPA at the cell level has never been studied, BHK cells were incubated with 0--10 μM amiodarone for 16 h and the distribution of LBPA was analyzed by confocal microscopy. As shown in [Fig. 1](#fig0025){ref-type="fig"}A, in control cells LBPA presented as puncta with a juxtanuclear distribution, consistent with its association with late endosomes. In the presence of amiodarone, LBPA-positive structures decreased in number, increased in diameter and changed distribution from juxtanuclear to peripheral ([Fig. 1](#fig0025){ref-type="fig"}A). Quantitative analysis indicated that the change in number and diameter of LBPA-positive structures was concentration dependent and was significant at 2 μM amiodarone, a concentration commonly found in the serum of chronically treated patients ([Fig. 1](#fig0025){ref-type="fig"}B). MDEA, the main metabolite of amiodarone, which reaches serum concentrations close to those of the parent drug [@bib0040], was more powerful than amiodarone and the combination 2 μM amiodarone plus 2 μM MDEA, affected LBPA distribution similarly to 10 μM amiodarone ([Fig. 1](#fig0025){ref-type="fig"}A, B). The effect on the distribution of LBPA was reproducible. In 5 independent experiments in which cells were incubated with 10 μM amiodarone for 16 h, the number of LBPA-rich structures per cell profile decreased by 69.0 ± 4.5% and their diameter increased by 42.6 ± 5.2% (*p*  \< 0.01 for both differences).Fig. 1Amiodarone and monodesethylamiodarone induce fusion of organelles containing lysobisphosphatidic acid. (A) BHK cells were incubated with amiodarone or monodesethylamiodarone (MDEA) for 16 h and the distribution of lysobisphosphatidic acid (LBPA) was analyzed by confocal microscopy. (B) Morphometry from confocal images: effect of amiodarone and MDEA on number and diameter of LBPA-positive organelles. *M* ± SE. \*Different from control, \# different from 10 μM amiodarone (*p* \< 0.05, ANOVA). Bar 10 μm.

As shown in [Fig. 2](#fig0030){ref-type="fig"} , the effect of amiodarone was reversible, since BHK cells incubated for 16 h with 10 μM amiodarone and then with plain medium for further 16 h, regained their normal LBPA distribution. [Fig. 2](#fig0030){ref-type="fig"} also shows that changes in the distribution of LBPA were attenuated by inhibiting microtubule polymerization with nocodazole and could be prevented by treatment with ammonium chloride. Since alkalinization inhibits the accumulation of amiodarone, while nocodazole has no effect on the association of amiodarone with target cells [@bib0030], [@bib0035], we conclude that: (a) amiodarone induces fusion of organelles rich in LBPA, (b) the process is cytoskeleton-dependent and reversible, (c) alkalinization prevents fusion by inhibiting the accumulation of amiodarone within target cells, (d) although amiodarone increases the pH of acidic organelles [@bib0030], lumenal alkalinization by itself has no role in the re-distribution of LBPA, (f) the effect on LBPA distribution suggests that amiodarone interferes with late compartments of the endocytic pathway. Since 10 μM amiodarone had effects similar to those of 2 μM amiodarone plus 2 μM MDEA, typically found in patient sera, in most of the following experiments cells were incubated with 10 μM amiodarone for 16 h, a time sufficient for the development of the amiodarone-induced phenotype.Fig. 2Fusion of LBPA-rich organelles induced by amiodarone is reversible, cytoskeleton-dependent and inhibited by alkalinization. (A) BHK cells incubated for 16 h with 10 μM amiodarone and then with plain medium (wash out) or for 16 h with 10 μM amiodarone in the presence of nocodazole. (B) BHK cells incubated for 16 h with 10 μM amiodarone without or with ammonium chloride. In both experiments number and diameter of LBPA-positive organelles were derived from confocal images. *M* ± SE. \*Different from control, \# different from 10 μM amiodarone (*p* \< 0.05, ANOVA).

3.2. Structural determinants of amiodarone interference with the endocytic pathway {#sec0110}
----------------------------------------------------------------------------------

To clarify the structural basis of the interference of amiodarone with late endosomes/lysosomes, we analyzed the effects of amiodarone analogues ([Table 1](#tbl0005){ref-type="table"}) on the distribution of LBPA and on the degradation of imported proteins. The analogues, obtained by modification of the lateral group diethylamino-β-ethoxy, were used under conditions that did not influence cell viability.

To study the effects on the distribution of LBPA, BHK cells were incubated for 16 h with 10 μM amiodarone or analogue and then number and diameter of LBPA-positive structures were analyzed by confocal microscopy. To study the effects on the degradation of imported proteins, rabbit alveolar macrophages were incubated for 1 h with 0--50 μM amiodarone or analogue and then, for a further hour, with 1 μg/ml ^125^I-Surfactant Protein A (SP-A) in the continuous presence of amiodarone or analogue. At the end water-soluble radioactivity was measured and ID~50~ (concentration of analogue resulting in 50% inhibition with respect to degradation by control cells) was calculated. SP-A is a calcium-dependent lectin secreted in the alveoli by lung type 2 cells, which, besides regulating the life-cycle of lung surfactant phospholipids, binds viruses and bacteria and mediates their uptake and destruction by alveolar macrophages [@bib0195]. We previously found that amiodarone inhibits the degradation of SP-A by lung cells both *in vitro* and *in vivo* [@bib0045].

As shown in [Table 2](#tbl0010){ref-type="table"} the effects on the degradation of SP-A and on the distribution of LBPA were to a good extent concordant, since compounds with the greatest ability to inhibit the degradation of SP-A (amiodarone or MeAMI) also had the greatest impact on number and size of LBPA-positive structures. On the opposite, compounds with the lowest activity on SP-A degradation (DIPAM or MOPAM), had the weakest effect on the distribution of LBPA. Trying to correlate chemico-physical properties and activity, the best results were obtained by arranging compounds according to the product pKa × water-solubility at pH 5.0. In fact, as shown in [Table 2](#tbl0010){ref-type="table"}, compounds with the highest value of this product (MeAMI or amiodarone) had the strongest effect on the degradation of SP-A and on the distribution of LBPA, while compounds with the lowest value (DIPAM or MOPAM) had little effect. From [Table 2](#tbl0010){ref-type="table"} it also appears that a basic pKa by itself cannot account for the observed effects, since DIPAM, which ranked towards the top for pKa, but had low water-solubility at acidic pH, had no effect on the degradation of SP-A or the distribution of LBPA.Table 2Relationship between physicochemical properties of amiodarone analogues and effects on the degradation of surfactant protein A (SP-A) and on cell distribution of LBPA.Compound[a](#tblfn0020){ref-type="table-fn"}pKa × solubility in water at pH 5.0SP-A degradation ID~50~[b](#tblfn0025){ref-type="table-fn"} (μM)LBPA-positive structures[c](#tblfn0030){ref-type="table-fn"}^,^[d](#tblfn0035){ref-type="table-fn"}Diameter (μm)N°/cell profileMeAMI17.5011.2 ± 1.02.45 ± 0.084.5 ± 0.6Amiodarone17.2813.4 ± 2.12.01 ± 0.035.2 ± 0.4PIPAM11.8822.8 ± 7.21.73 ± 0.0314.7 ± 2.1PYRAM9.2223.8 ± 10.22.08 ± 0.057.6 ± 0.6DIPAM2.07\>50.01.64 ± 0.0424.6 ± 3.0MOPAM0.55\>50.01.45 ± 0.0229.3 ± 0.6[^5][^6][^7][^8]

On the whole these data support the view that the interference with the endocytic pathway depends on the ability to accumulate within acidic organelles and agree with recent evidence indicating that the accumulation of weakly basic amines into acidic organelles depends on high pKa and on a low propensity, in the ionized state, to diffuse back through the organellar limiting membrane [@bib0200]. In agreement with this interpretation, MDEA, which, considering the product pKa × solubility in water at pH 5.0, ranks higher than amiodarone, had a stronger effect on the distribution of LBPA ([Fig. 1](#fig0025){ref-type="fig"}) and inhibited the degradation of SP-A with a slightly lower ID~50~ value (10.4 ± 1.7 μM) (*N*  = 3). A further implication from the present data is that amiodarone target might be located into or might be accessible from the lumen of late endosomes/lysosomes.

3.3. Amiodarone changes the distribution of unesterified cholesterol, glycosphingolipids and sphingomyelin {#sec0115}
----------------------------------------------------------------------------------------------------------

In Niemann-Pick type C disease, the accumulation of LBPA is a facet of a more general disturbance in the traffic of cell lipids [@bib0100], [@bib0205]. We speculated that this might hold true also for cells treated with amiodarone. To explore this possibility, we incubated BHK cells with 0--10 μM amiodarone for 16 h and then analyzed the distribution of unesterified cholesterol, glycosphingolipids and sphingomyelin.

Unesterified cholesterol was detected by staining fixed cells with the fluorescent polyene antibiotic filipin [@bib0210]. As shown in [Fig. 3](#fig0035){ref-type="fig"} , in control BHK cells unesterified cholesterol was associated with small vesicles mostly distributed around the nucleus, while in the presence of amiodarone it associated with larger structures. The change, clearly discernible in the presence of 2 μM amiodarone, reached full expression in the presence of 10 μM amiodarone, giving to cells an appearance similar to that induced by 10 μM U18666A, a known inducer of the NPC phenotype ([Fig. 3](#fig0035){ref-type="fig"}) [@bib0090]. Besides changing the distribution of unesterified cholesterol, amiodarone also changed cell cholesterol content. In fact, after 16 h incubation with 10 μM amiodarone, cell cholesterol increased by 17.3 ± 5.2% (*p*  = 0.03, paired "*t*" test, *N*  = 5), while the ratio between total and unesterified cholesterol did not change.Fig. 3Amiodarone and U18666A alter the distribution of unesterified cholesterol. BHK cells were incubated for 16 h with plain medium, 2 or 10 μM amiodarone or 10 μM U18666A, stained with filipin and analyzed by epifluorescence microscopy. Bar 10 μm.

To study the distribution of sphingomyelin BHK cells were exposed to 0--10 μM amiodarone, fixed and then incubated first with lysenin, a sphingomyelin-binding protein isolated from the coelomic fluid of the earthworm *Eisenia foetida* [@bib0160], [@bib0165] and then with an anti-lisenin antiserum, followed by a fluorescent secondary antibody. As shown in [Fig. 4](#fig0040){ref-type="fig"} , in control cells sphingomyelin was associated with the plasma membrane and with organelles close to the plasma membrane and was rigorously separated from LBPA. Cells treated with 2 μM amiodarone and 10 μM U18666A displayed a more intense staining with respect to control cells. Besides this, in cells treated with 10 μM amiodarone, sphingomyelin tended to distribute as clumps, associated with complex internal structures and, at some places, co-localized with LBPA. The reason of the increased staining intensity in treated cells remains unclear. Possibly amiodarone and U18666A rendered plasma membrane sphingomyelin more accessible to lysenin.Fig. 4Amiodarone changes the distribution of sphingomyelin. BHK cells, exposed for 16 h to control medium, 2 or 10 μM amiodarone or 10 μM U18666A, were fixed, incubated first with the sphingomyelin-binding protein lysenin and then with antibodies to lysenin and LBPA. After incubation with secondary antibody cells were analyzed by confocal microscopy. Red, sphingomyelin; green, LBPA. Arrows indicate sphingomyelin in intracellular structures. Arrowheads indicate co-localization of sphingomyelin and LBPA (yellow). Bar 10 μm.

Distribution and trafficking of glycosphingolipids was analyzed by incubation of BHK cells with BODIPY-LacCer, a sphingolipid analogue in which the naturally occurring fatty acid moiety is replaced with N-\[5-(5,7 dimethyl boron dipyrromethanedifluoride)-1-pentanoic acid\]. Cells were allowed to internalize BODIPY-LacCer for 45 min to allow loading of late endosomes, followed by 1 h chase to accumulate the fluorescent probe in the Golgi and then were analyzed by confocal microscopy [@bib0170]. As shown in [Fig. 5](#fig0045){ref-type="fig"} A, in control cells BODIPY-LacCer accumulated in juxtanuclear structures compatible with the Golgi, while in amiodarone treated cells it accumulated in round structures lacking the staining pattern typical of the Golgi system. [Fig. 5](#fig0045){ref-type="fig"}A also shows that amiodarone did not perturb the Golgi organization, since it did not change the distribution of the specific marker giantin. Furthermore it appears that the change in BODIPY-LacCer distribution induced by amiodarone (formation of large cytoplasmic aggregates) was different from the distribution as scattered cytoplasmic dots observed in the presence of 10 μM U18666A ([Fig. 5](#fig0045){ref-type="fig"}B). Co-localization studies between BODIPY-LacCer and specific Golgi markers were hindered by the fact that BODIPY-LacCer exhibits a concentration dependent shift in its fluorescence emission from green to red wavelengths as a result of excimer formation at high concentrations [@bib0180]. From these data we conclude that amiodarone alters the cell distribution of sterols, phospholipids, sphingolipids and glycosphingolipids, generating a phenotype with partial resemblance with Niemann-Pick type C disease [@bib0095], [@bib0100], [@bib0215].Fig. 5Amiodarone alters the traffic of glycosphingolipids. (A) BHK cells, exposed for 16 h to control medium or 10 μM amiodarone were incubated for 45 min with BODIPY-LacCer, chased for one further hour and then analyzed by confocal microscopy. Inset: distribution of the Golgi marker giantin (green) in cells whose nuclei were stained red with propidium. Arrows: abnormal collections of BODIPY-LacCer in amiodarone-treated cells. (B) Trafficking of BODIPY-LacCer in BHK cells exposed for 16 h to control medium, 10 μM amiodarone or 10 μM U18666A and then analyzed by epifluorescence microscopy. Bar 10 μm.

3.4. Cholesterol removal alleviates the change in LBPA distribution induced by U18666A, but not that induced by amiodarone {#sec0120}
--------------------------------------------------------------------------------------------------------------------------

In NPC disease accumulating lipids are connected both spatially and functionally and alleviation of the phenotype can be obtained by decreasing cholesterol levels with sterol-binding agents like methyl-β-cyclodextrin [@bib0105], by inhibiting glycosphingolipid synthesis with 1-deoxynojirimycin [@bib0110] or by increasing lipid degradation through overexpression of acid sphingomyelinase [@bib0115]. In particular LBPA accumulation can be attenuated by treatment with methyl-β-cyclodextrin [@bib0105], [@bib0205], [@bib0210], [@bib0220], [@bib0225], [@bib0230].

To clarify the mechanism of lipid accumulation due to amiodarone, BHK cells were loaded for 24 h with 1 mM methyl-β-cyclodextrin, rinsed extensively, incubated for further 16 h with plain medium, 10 μM amiodarone or 10 μM U186662 and then processed for confocal microscopy and analysis of LBPA distribution. Results were compared with those of cells not treated with methyl-β-cyclodextrin. As shown in [Fig. 6](#fig0050){ref-type="fig"} , in cells not treated with methyl-β-cyclodextrin amiodarone and U18666A had similar effects, decreasing the number and increasing the diameter of LBPA-positive structures. On the opposite, pre-treatment with methyl-β-cyclodextrin increased the diameter of the aggregates of LBPA induced by amiodarone, worsening the phenotype, but decreased the diameter and increased the number of aggregates of LBPA induced by U18666A, alleviating the phenotype ([Fig. 6](#fig0050){ref-type="fig"}). From these data we conclude that changes induced by amiodarone do not strictly recapitulate the NPC phenotype.Fig. 6Cholesterol removal alleviates the change in LBPA distribution induced by U18666A, but not that induced by amiodarone. BHK cells were incubated for 24 h with control medium or 1 mM methyl-β-cyclodextrin and then for further 16 h with control medium, 10 μM amiodarone or 10 μM U18666A. At the end the distribution of LBPA was analyzed by confocal microscopy and number and diameter of LBPA-positive structures were measured. *M* ± SE. \*Different from control, \# different from same treatment without methyl-β-cyclodextrin (*p* \< 0.05, ANOVA).

3.5. Vacuoles induced by amiodarone are caused by interference with fluid phase endocytosis {#sec0125}
-------------------------------------------------------------------------------------------

Dextrans are polysaccharides with good water solubility, low toxicity and resistance to cleavage by most endogenous cell glycosidases and thus represent ideal tracers to study the progress of membrane-impermeable cargo along the endocytic pathway. After uptake, dextrans move through the endocytic pathway ending up into lysosomes, from where they are returned to the extracellular milieu. Wild type fibroblasts in one day may dispose of up to 80% of uptaken dextran [@bib0090]. To study the effect of amiodarone on the trafficking of dextran along the endocytic pathway, BHK cells were loaded with tetramethylrhodamine dextran in the absence or in the presence of 10 μM amiodarone and then were chased for 5 h with plain medium or in the presence of 10 μM amiodarone, a time sufficient in control cells to move all visible dextran to the lysosomes [@bib0175]. As shown in [Fig. 7](#fig0055){ref-type="fig"} , in control cells uptaken dextran had a point-like distribution. On the opposite, cells loaded with TMR-dextran and then chased in the continuous presence of amiodarone, retained a greater fraction of uptaken dextran, which was associated with swollen organelles. At some places these organelles also contained LBPA. From these data we conclude that amiodarone may cause the formation of vacuoles by interfering with the progression of fluid phase endocytosis. Furthermore, the co-localization of LBPA and dextran in swollen organelles suggests that accumulation of water-soluble materials may contribute also to the widening of inclusion bodies.Fig. 7Amiodarone alters fluid phase endocytosis. BHK cells were loaded for 12 h with tetramethylrhodamine dextran (TMR-Dex) and then were chased for 5 h either with or without 10 μM amiodarone. The distribution of TMR-Dex (red) and LBPA (green) was then analyzed by confocal microscopy. Nuclei stained blue. Arrows indicate dilated vacuoles containing TMR-Dex. Arrowheads indicate TMR-Dex and LBPA co-localization (yellow). Bar 10 μm.

3.6. Amiodarone affects diverse but not all subsets of organelles pertaining to late endosomes/lysosomes {#sec0130}
--------------------------------------------------------------------------------------------------------

In agreement with previous observations that amiodarone affects late compartments of the endocytic pathway [@bib0030], [@bib0035], we found that the abnormal structures induced by amiodarone exhibit late endosomal markers like LAMP1, Rab7 and NPC1, but not markers of early endosomes. Indeed, the distribution of transiently expressed GFP-Rab5 did not change after exposure to amiodarone ([Fig. 1SA](#sec0190){ref-type="sec"}). On the opposite, as shown in [Fig. 8](#fig0060){ref-type="fig"}, [Fig. 9](#fig0065){ref-type="fig"} and [1SB](#sec0190){ref-type="sec"}, in control cells LAMP1 presented as puncta distributed around the nucleus, while after incubation with 2 or 10 μM amiodarone it concentrated into less numerous but larger structures, as seen for LBPA. Aggregates of LAMP1 induced by amiodarone had different morphology, presenting as clumps or tiny rings ([Fig. 8](#fig0060){ref-type="fig"}), as spots arranged along the rim of dilated structures ([Fig. 1S](#sec0190){ref-type="sec"}) or as components of structures surrounded by a rim of tubulin ([Fig. 9](#fig0065){ref-type="fig"}). Interestingly co-localization between LAMP1 and LBPA, which was moderate in control cells, increased after incubation with 2 μM amiodarone but was almost nil after incubation with 10 μM amiodarone, suggesting that low concentrations of the drug might stimulate heterotypic fusion of organelles, while high concentrations could induce homotypic fusion.Fig. 8Effect of amiodarone on the distribution of LAMP1 and LBPA. BHK cells, incubated for 16 h with 0--10 μM amiodarone, were stained with antibodies to LAMP1 and LBPA and then were analyzed with confocal microscopy. Arrows: ring-like structures containing LAMP1. Bar 10 μm.Fig. 9Effect of amiodarone on the distribution of LAMP1 and tubulin. BHK cells, incubated for 16 h with 0--10 μM amiodarone, were stained with antibodies to LAMP1 and tubulin and then were analyzed with confocal microscopy. Arrows: aggregates of LAMP1 surrounded by a rim of tubulin. Bar 10 μm.

The changes in the distribution of LAMP1 induced by amiodarone agree with changes in the distribution of NPC1 protein, a multispanning protein inserted in the limiting membrane of late endosomes/lysosomes which, when mutated, is the most frequent cause of Niemann-Pick type C disease [@bib0080], [@bib0235], [@bib0240], [@bib0245]. Indeed, as shown in [Fig. 10](#fig0070){ref-type="fig"} , in control cells NPC1 had a point-like distribution and co-localized partially with LBPA, while in cells incubated with 10 μM amiodarone it coalesced into large aggregates spatially separated from LBPA.Fig. 10Amiodarone induces aggregates of NPC1 protein spatially separated from aggregates of LBPA. BHK cells incubated for 16 h with 0 or 10 μM amiodarone were stained with antibodies to NPC1 and LBPA and then were analyzed with confocal microscopy. Arrowheads indicate aggregates of NPC1 (red). Arrows indicate aggregates of LBPA (green). Yellow indicates co-localization.

To further characterize the effects of amiodarone on late endosomes we studied its effects on the secretion of exosomes, which are vesicles located in the lumen of late endosomes/multivesicular bodies destined to be secreted in the extracellular milieu [@bib0120]. To that end K562 cells were incubated with or without 10 μM amiodarone for 16 h, secreted exosomes were then isolated by differential centrifugation and acetylcholinesterase activity associated with them was measured. We found that amiodarone decreased secreted acetylcholinesterase by 12.0 ± 8.7% with respect to control cells (*N*  = 7, change not significant), indicating that interference with exosome release is unlikely to contribute significantly to the accumulation of membranes induced by amiodarone. These findings also indicate that amiodarone does not perturb the whole population of late endosomes/lysosomes.

3.7. Amiodarone has no effect on transferrin recycling, Shiga toxin activity and lentivirus budding {#sec0135}
---------------------------------------------------------------------------------------------------

The available evidence indicates that amiodarone does not influence the distribution of markers of early endosomes. To corroborate the lack of impact on this compartment, we studied the effects of amiodarone on early endosome-dependent activities like transferrin recycling, Shiga toxin trafficking and ESCRT-dependent lentivirus budding.

The effect on transferrin recycling was analyzed by loading human monocytes with labelled transferrin and then measuring its release in the presence of 0 or 10 μM amiodarone. As shown in [Fig. 2S](#sec0190){ref-type="sec"}, amiodarone had no effect on transferrin recycling.

The effect on Shiga toxin activity was analyzed by incubating Vero cells with Shiga toxin 1 in the presence or in the absence of 0--20 μM amiodarone for a time sufficient for the toxin to be taken up, processed in early endosomes, transferred to the Golgi and then moved to the cytoplasm, where it inhibits protein synthesis [@bib0130], [@bib0245]. As shown in [Fig. 2S](#sec0190){ref-type="sec"} the activity of Shiga toxin was not decreased by amiodarone, suggesting a correct processing and trafficking of the toxin.

The human immunodeficiency virus type 1 (HIV-1) and other lentiviruses, such as the feline immunodeficiency virus (FIV) exit infected cells by budding from the plasma membrane, a process requiring membrane fission. The only viral component involved in budding is the structural protein Gag, which executes budding by recruiting host proteins belonging to the ESCRT complexes, such as Tsg101 and AIP1 [@bib0250]. To understand whether amiodarone interferes with the ESCRT complex, 293T cells were transfected with constructs expressing either the feline immunodeficiency virus (pΔenv1) or the human immunodeficiency type 1 (pSVC21) Gag/Pol. Twenty four hours post-transfection, cells were incubated with 0 or 10 μM amiodarone for additional 24 h. Virus like particles (VLP) released in the supernatant and cells were then analyzed by SDS-PAGE electrophoresis followed by Western blotting using antibodies specific for either FIV or HIV-1 capsid proteins. As shown in [Fig. 2S](#sec0190){ref-type="sec"}, amiodarone did not affect synthesis and processing of the intracellular Gag protein and did not inhibit the release of mature VLPs, suggesting lack of interference with budding. Collectively these experiments support the view that amiodarone affects only late compartments of the endocytic pathway.

3.8. Dronedarone alters the distribution of cell lipids and stimulates autophagy {#sec0140}
--------------------------------------------------------------------------------

Dronedarone is a non-iodinated benzofuran derivative, recently introduced in clinical practice to get around some of amiodarone not desirable effects like slow pharmacokinetics and iodine-related thyroid damage [@bib0135]. Previous experiments with rabbit alveolar macrophages have shown that amiodarone induces the formation of vacuoles and inclusion bodies [@bib0140], but the mechanism of formation of these structures has not been studied. To clarify this, BHK cells were incubated with 0--5 μM dronedarone for 16 h (higher concentrations were toxic to cells) and then the distribution of LBPA and unesterified cholesterol were analyzed. As shown in [Fig. 11](#fig0075){ref-type="fig"} cells treated with dronedarone had severe disturbances in the distribution LBPA and unesterified cholesterol. Since dronedarone has relatively high pKa and a very high solubility in water at pH 5, the strong effect on LBPA distribution agrees with the view that these physico-chemical properties play an important role in the interference with late compartments of the endocytic pathway ([Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"}).Fig. 11Dronedarone alters the distribution of LBPA and unesterified cholesterol and stimulates autophagy. (A) Confocal images of BHK cells incubated for 16 h with 5 μM dronedarone, stained for LBPA (green) and then counterstained with propidium iodide (red). (B) BHK cells, transiently transfected with pEGFP-LC3 plasmid, were incubated for 16 h with control medium or with 2 μM dronedarone. The distribution of LBPA (red) and LC3 (green) was then analyzed by confocal microscopy. Arrow: LC3 positive membranes surrounding LBPA aggregates. (C) Epifluorescence image of BHK cells incubated for 16 h with 0 (control) or 5 μM dronedarone and then incubated with filipin to stain unesterified cholesterol.

Since autophagy is up-regulated by amiodarone [@bib0035], we studied the effect of dronedarone on the distribution of transiently expressed eGFP-LC3, a protein present at all steps along the autophagic pathway [@bib0255]. We found that in control cells LBPA and LC3 had a point-like distribution, whereas in cells treated with 2 μM dronedarone (the highest concentrations tolerated by transfected cells) or 10 μM amiodarone, LBPA and LC3 changed from a point-like to a clump-like distribution ([Fig. 11](#fig0075){ref-type="fig"} and [3S](#sec0190){ref-type="sec"}). At some places aggregates of LBPA were enclosed by ring-like structures decorated with LC3, as expected during the formation of amphisomes, which are intermediate organelles formed during autophagy. Thus, like amiodarone, dronedarone also alters the distribution of cell lipids and induces autophagy.

4. Discussion {#sec0145}
=============

4.1. Vacuoles and inclusion bodies induced by amiodarone {#sec0150}
--------------------------------------------------------

This study shows that vacuoles and inclusion bodies forming in the presence of amiodarone originate from late compartments of the endocytic pathway, since they display markers normally associates with late endosomes/lysosomes, like Rab7, LAMP1, NPC1, LBPA. It also shows that separate populations of organelles pertaining to late endocytic compartments are affected, as indicated by the lack of co-localization of aggregates of LBPA, LAMP1 and NPC1 at high amiodarone concentrations. Finally it shows that amiodarone does not affect the whole of late endosome activities, since the secretion of exosomes does not change.

Vacuoles and inclusion bodies appear to form by several mechanisms: block of fluid phase endocytosis, inappropriate fusion of organelles, collapse of lumenal structures, accumulation of undegraded substrates and accumulation of wrongly trafficked lipids. Other mechanisms could also be at play. For example in normal cells late endosomes fuse with lysosomes, forming hybrid organelles from which lysosomes reform when the degradation of substrates is complete [@bib0260]. We posit that decreased reformation of lysosomes from hybrid intermediates could contribute to the vacuolar phenotype induced by amiodarone. Such a mechanism could explain the decreased lysosome yield detected in alveolar macrophages treated with amiodarone [@bib0045] and the finding that incubation of BHK cells for 16 h with 10 μM amiodarone does not modify the total cell content of LAMP-1, a protein inserted in the limiting membrane of lysosomes (not shown).

This study also shows that amiodarone does not directly affect early endosomes, since: (a) it does not alter the distribution of early endosome markers; (b) does not inhibit binary toxins requiring functional early endosomes for activation, like Shiga toxin 1; (c) does not disturb transferrin recycling; (d) does not interfere with the budding of lentiviruses depending upon the recruitment of a highly conserved set of proteins, dubbed the endosomal sorting complexes required for transport (ESCRTs), also required for the formation of multivesicular bodies in early endosomes [@bib0070], [@bib0265]. To directly confirm the lack of interference with the ESCRTs, we studied the effect of amiodarone on the formation of lumenal vesicles by isolated early endosomes [@bib0270]. To that end the post-nuclear supernatant obtained from BHK cells cultured for 3 h in the presence of 0--20 μM amiodarone, was incubated at 37 °C with the non permeant fluorescent probe 8-hydroxypyrene-1,3,6-trisulfonic acid in the presence of an energy donor system and trapping of the probe in the interior of vesicles forming by inward budding of endosome limiting membrane was allowed to take place for 20 min. Subsequently, after quenching the extra-organellar fluorescence with p-xylene-bis-pyridinium bromide, endosomes were isolated by flotation and the fluorescence associated with them was measured. In 3 separated experiments we found no change in endosome-associated fluorescence after incubation with amiodarone. Thus several lines of evidence indicate that amiodarone has no direct effect on early endosomes. It is possible, however, that chronic exposure to the drug might reverberate on early endosomes also, perhaps by modifying the global trafficking of membranes or through the sequestration of critical lipids.

Cell changes induced by amiodarone have thus far been included under the term "phospholipidosis", a term based on electron microscopy, which describes the formation of multilaminar inclusion vesicles [@bib0005], [@bib0010]. The accumulation of LBPA, cholesterol and glycosphyngolipids in cells exposed to amiodarone is compatible with the accumulation of membranes observed at the electron microscope. It appears, however, that the term phospholipidosis does not fully portray the cell changes induced by amiodarone since it does not reflect the accumulation of other lipid species besides phospholipids and does not include other effects, like disturbances in fluid phase endocytosis.

4.2. The target of amiodarone activity {#sec0155}
--------------------------------------

Data obtained with amiodarone analogues ([Table 2](#tbl0010){ref-type="table"}) indicate that high pKa and especially high water-solubility at acidic pH are important determinants of the interference of amiodarone with late endosomes/lysosomes. Since basic pKa and low membrane permeability, favour the sequestration of weakly basic amines in the lumen of acidic organelles [@bib0275], we infer that amiodarone target resides into or is accessible from the lumen of late endosomes/lysosomes. The nature of amiodarone target remains to be clarified since the present results are compatible both with the inhibition of specific component(s) accessible from the luminal side and with an aspecific effect, like the competition of amiodarone with polycationic lipid hydrolases or activator proteins for the negative surface of late endosome/lysosome internal membranes [@bib0280]. The last mechanism, recently proposed for other cationic amphiphilic drugs, would explain the accumulation of different classes of undegraded lipids and the membrane traffic jam within late endosomes/lysosomes [@bib0285].

The propensity to be trapped in the lumen of acidic organelles could also explain the preferential effect of amiodarone on late endosomes/lysosomes, whose interior is more acidic than that of early endosomes. On the other side it remains at present unclear how amiodarone may target specific sets of organelles pertaining to late endosomes/lysosomes.

4.3. Amiodarone induces a phenotype reminiscent of Niemann-Pick type C disease {#sec0160}
------------------------------------------------------------------------------

The phenotype induced by amiodarone recalls Niemann-Pick type C disease, a complex lysosomal storage disorder characterized by the accumulation of different sorts of lipids in late endosomes/lysosomes, by defective lysosomal calcium homeostasis and unique trafficking defects [@bib0100]. NPC disease is caused by mutations in the NPC1 or NPC2 genes, which encode respectively NPC1, a multispanning trans-membrane domain protein located on the limiting membrane of late endosomes/lysosomes and NPC2, a soluble lysosomal protein [@bib0290].

There are differences, however, between changes induced by amiodarone and the NPC phenotype. In fact on one side methyl-β-cyclodextrin worsens the effects of amiodarone on the distribution of LBPA, while, on the contrary, it alleviates the redistribution of LBPA caused by U18666A. On the other side budding of HIV-1 virus is inhibited in NPC cells or by treatment with U18666A [@bib0290], but is not affected by amiodarone. Thus, rather than recapitulating the whole pathogenetic cascade of NPC disease, changes induced by amiodarone might exemplify a common theme observed when damage to late endosomes/lysosomes disturbs pathways intersecting at this crucial spot. As an example, cells lacking prosaposin, a protein cofactor necessary for glycosphingolipid degradation, present enlarged electron-lucent structures of late endosomal origin, accumulate unesterified cholesterol and display altered trafficking of BODIPY-LacCer [@bib0295].

4.4. Clinical implications {#sec0165}
--------------------------

Atrial fibrillation predisposes patients to stroke, heart failure and death and affects nearly 1 every 10 persons aged 80 years and older [@bib0300]. Among conventional antiarrhythmic drugs amiodarone has proved by far the most effective at maintaining sinus rhythm, but effectiveness is diminished by long elimination half-life, iodine-induced thyroid toxicity and acute lung damage. In an attempt to relieve some of these problems, dronedarone, a non-iodinated benzofuran derivative, has been recently introduced in clinical practice [@bib0135]. Dronedarone has multichannel blocking properties comparable to those of amiodarone but is more potent at blocking peak sodium currents and acetylcholine activated potassium currents and has stronger antiadrenergic effects [@bib0135]. On the basis of the present evidence it appears that, on a molar basis, dronedarone is at least as potent as amiodarone with respect to interference with late compartments of the endocytic pathway. Dronedarone, however, is metabolized rapidly and reaches serum levels over 10 times lower than in patients treated with amiodarone [@bib0135], thus the clinical relevance of its interference with late endocytic compartments remains to be determined.

4.5. Future directions {#sec0170}
----------------------

The interference of amiodarone and its derivatives with the endocytic pathway, besides its obvious clinical interest in the field of cardiology, might represent the subject of future investigations in unrelated areas, in particular for the development of novel strategies against infectious agents. Indeed amiodarone interferes *in vitro* with the life cycle of the SARS coronavirus [@bib0030], mitigates in an *in vivo* model the effects of the encephalomyocarditis virus [@bib0305] and has been shown to be of value in the treatment of the Trypanosomacruzi infection [@bib0310]. In addition, it could be of interest studying the effect of amiodarone on Dengue infection, because it has recently been shown that LBPA (whose distribution may be modified by amiodarone) is an obligatory cofactor for the entry of the Dengue virus into target cells [@bib0315].

4.6. Conclusion {#sec0175}
---------------

Amiodarone induces the formation of vacuoles and inclusion bodies by interfering with late compartments of the endocytic pathway. Mechanisms of formation of vacuoles and inclusion bodies include disturbances in the progression of fluid phase endocytosis, inappropriate fusion of organelles, collapse of lumenal structures, accumulation of undegraded substrates and accumulation of wrongly trafficking lipids. High water-solubility at acidic pH is a crucial requirement for the interference of amiodarone with late endosomes/lysosomes. Dronedarone is at least as potent as amiodarone with respect to interference with late compartments of the endocytic pathway. The interference of amiodarone with late endosomes/lysosomes may be of value in areas outside the field of arrhythmology.

Appendix A. Supplementary data {#sec0190}
==============================

Supplementary Fig. 1SAbnormal structures induced by amiodarone have markers of late endosomes/lysosomes, but not of early endosomes. (A) Human fibroblasts transiently transfected with eGFP-Rab7 were incubated for 16 h with 0 or 10 μM amiodarone and then the distribution of Rab7 (green) and LAMP1 (red) was analyzed by confocal microscopy. Arrows indicate vacuoles bearing on the rim Rab 7 and LAMP1. Yellow indicates co-localization. (B) BHK cells transiently transfected with the early endosomal marker eGFP-Rab5 were incubated for 16 h with 0 or 10 μM amiodarone and then the distribution of Rab5 (green) and LBPA (red) was analyzed by confocal microscopy. Bar 10 μm. Supplementary Fig. 2SAmiodarone does not affect transferrin recycling, Shiga toxin activity or lentivirus budding. (A) Adhering blood monocytes were incubated for 1 h at 37 °C with ^125^I-transferrin (Tf) in the absence or in the presence of 10 μM amiodarone, to reach equilibrium labelling. Surface bound Tf was removed and cells were incubated at 37 °C for 0, 5 or 10 min in the presence of 0 or 10 μM amiodarone. Released ^125^I-Tf was measured and expressed as % of radioactivity lost from cells with respect to time 0. *M* ± SE, *N* = 3. (B) Vero cells incubated for 1 h with 0--20 μM amiodarone were exposed for 3 further hours to increasing concentrations of Shiga toxin 1 in the continuous presence of 0--20 μM amiodarone. Subsequently they were incubated for 30 min with ^3^H-leucine and the incorporation of radioactivity in TCA precipitable material was measured. Results presented as % incorporation by control cells. *M* ± SE, *N* = 3. \*Different from 0 μM amiodarone, \# different from 20 μM amiodarone by ANOVA. (C) 293T cells transfected with pΔenv1 or pSVC21 viral constructs were incubated for 24 h with 0 or 10 μM amiodarone and lysates obtained from released virus like particles (VLP) and cells were analyzed by PAGE electrophoresis and Western blotting for detection of capsid protein p24 and polyprotein precursor (Pr50^Gag^ for FIV and Pr55^Gag^ for HIV-1). Supplementary Fig. 3SAmiodarone induces autophagy. BHK cells transiently transfected with pEGFP-LC3 were incubated for 16 h with 0 or 10 μM amiodarone. The distribution of LBPA (red) and LC3 (green) was then analyzed by confocal microscopy. Arrows indicate ring-like LC3-positive structures surrounding aggregates of LBPA. Bar 10 μm.
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[^1]: These authors contributed equally to this work.

[^2]: Calculated pKa value of amino group using Marvin 5.0.7 software available at [http://www.chemaxon.com](http://www.chemaxon.com/).

[^3]: Measured at 22 °C in 5 mM K~2~PO~4~ adjusted to pH 5.0 and 7.4 with diluted HCl. Methanol used as cosolvent.

[^4]: Values available at <http://www.patentstorm.us/patents/6939865/description.html>.

[^5]: Compounds arranged in order of decreasing value of the product (pKa × solubility in water at pH 5.0).

[^6]: Degradation of SP-A measured as TCA-soluble radioactivity released by rabbit alveolar macrophages during 1 h incubation with 1 μg/ml ^125^I-SPA. ID~50~ = analogue concentration needed to decrease degradation to 50% of control. *M* ± SE, data from 3 to 13 experiments.

[^7]: BHK cells were incubated for 16 h with 10 μM analogues and distribution of LBPA was analyzed by confocal microscopy. Data from 50 to 130 cells and 200 to 800 organelles.

[^8]: In control cells LBPA-positive structures were 28.6 ± 1.1/cell profile, and diameter was 1.46 ± 0.02 μm. *M* ± SE.
